Tumor-associated angiogenesis is postulated to be regulated by the balance between pro-and anti-angiogenic factors. We demonstrate here that the critical step in establishing the angiogenic capability of human tumor cells is the repression of a key secreted anti-angiogenic factor, thrombospondin-1 (Tsp-1). This repression is essential for tumor formation by mammary epithelial cells and kidney cells engineered to express SV40 early region proteins, hTERT, and H-RasV12. In transformed epithelial cells, a signaling pathway leading from Ras to Tsp-1 repression induces the sequential activation of PI3 kinase, Rho and ROCK, leading to activation of Myc through phosphorylation, thereby enabling Myc to repress Tsp-1 transcription. In transformed fibroblasts, however, the repression of Tsp-1 can be achieved by an alternative mechanism involving inactivation of both p53 and pRb. We thus describe novel mechanisms by which the activation of oncogenes in epithelial cells and the inactivation of tumor suppressors in fibroblasts permits angiogenesis and, in turn, tumor formation.
INTRODUCTION
The process of neoplastic transformation involves the sequential acquisition of a number of genetic and epigenetic alterations by the genomes of evolving, premalignant cell populations. 1, 2 These alterations culminate in a deregulation of the growth-controlling circuitry of cells. Among other biological changes, these alterations provide tumor cells with constitutive mitogenic signals, deregulate the control of the cell cycle and, as shown in several laboratories, enable the maintenance of telomeric DNA. 3, 4 In addition, the alterations that take place during tumor progression enable the tumor to interact with its stromal environment in ways that enhance its ability to proliferate in the primary site and, in malignant primary tumors, to metastasize to distant sites in the body. 5, 6 A key component of the tumor-associated stroma is the neovasculature, which supplies oxygen, nutrients and growthpromoting signals to the tumor cells and removes metabolic waste generated by the tumor. 7 The newly acquired vasculature may also serve as a conduit through which tumors can disseminate to distant sites. [8] [9] [10] These observations underscore the importance of elucidating the cancer cell-specific processes that enable tumors to interact with the pre-existing vasculature and to induce the formation of neovasculature.
Observations of tumor growth have indicated that small tumor masses of 1-2 mm diameter can persist in a tissue without acquiring any tumor-specific neovasculature. [11] [12] [13] [14] The limitations to further growth of such non-vascularized tumors have been attributed to the effects of hypoxia at the center of the tumor, because the diffusion of oxygen through living tissue is effectively limited to distances less than 200 μm. 15 A substantial body of evidence indicates that tumors can emerge from this growth arrest by developing a neovasculature, a discrete change in phenotype that has been termed the 'angiogenic switch'. 12, 16 Several growth factors act as positive regulators of angiogenesis. Foremost among these are vascular endothelial growth (VEGF-A), 17 basic fibroblast growth factor, 18 HGF, 19, 20 interleukin-6 21 and interleukin-8. 22 Conversely, proteins such as thrombospondin-1 (Tsp-1), 23 angiostatin, 24 endostatin, 25 tumstatin 26 and placental growth factor 27 function as inhibitors of angiogenesis.
Tsp-1 was the first naturally occurring inhibitor of angiogenesis to be identified. 23 The Tsp-1 secreted by cells inhibits the activity of MMP-9, 28 an extracellular matrix metalloproteinase that releases VEGF-A sequestered in the extracellular matrix. 29 In addition, Tsp-1 can act directly to inhibit angiogenesis by binding to the CD36 receptor protein, which is present on the luminal surface of endothelial cells in mature blood vessels, as well as by binding to β1-integrins. 30, 31 In an effort to more closely re-create the signaling conditions that operate in spontaneously arising human tumors, we created transformed cell lines in which experimentally immortalized human kidney and mammary epithelial cells were constructed to express relatively low levels of the H-RasV12 oncoprotein, thereby mirroring its expression levels in such tumors. 32 Having done so, we discovered that the mammary epithelial and human embryonic kidney cells expressing the SV40 early region proteins, hTERT and relatively low levels of H-RasV12 were either unable to form tumors when injected subcutaneously into nude mice or did so only with long latency. As described herein, we have discovered that the prime defect of these cells derived from their inability to effectively provoke neoangiogenesis. We therefore set out to determine how signaling by the Ras oncoprotein enables cells to emerge from a non-angiogenic, poorly tumorigenic state. We also investigate whether Ras signaling plays an equally important role in the regulation of angiogenesis in fibroblasts and epithelial cells.
RESULTS

Effect of Ras oncoprotein levels on Tsp-1 expression
We found that human mammary epithelial-and kidney-derived cells that express the SV40 early region, hTERT and relatively low levels of oncogenic H-RasV12G (~3-7x above endogenous levels of wild-type Ras expression, Figure 1c ) form small tumors of approximately 1-2 mm in diameter that never progress beyond this size (Figure 1a ). This behavior contrasted with that of the corresponding cells expressing higher levels of the Ras oncoprotein (12-50x above endogenous levels), which succeeded in forming tumors of substantial size (1.5 cm diameter) within 3-7 weeks after implantation into host mice (Figure 1a ). We speculated that the inability of the low Ras-expressing mammary and kidney epithelial cells to grow beyond the diameter of 1-2 mm was attributable to a deficiency in angiogenesis.
To test this hypothesis directly, we measured the amount of VEGF-A secreted by polyclonal populations of cells expressing hTERT, SV40 early region and various levels of oncogenic H-RasV12 by ELISA. We found that the ectopic expression of low levels of the Ras oncoprotein dramatically stimulated the production and secretion of VEGF-A in cells grown in 0.1% serum and 0.4% O2 compared with the parental immortalized cells expressing only hTERT and SV40 early region ( Figure 1a ). However, further increases in the expression levels of the Ras oncoprotein resulted in only a relatively modest 1.4-fold further increase in VEGF-A production and secretion by both epithelial cell types ( Figure 1c ). Hence, the great differences in tumor-forming ability of the high-Ras-versus low-Ras-expressing cells elevations could not be ascribed to significant differences in VEGF-A secretion.
Importantly, the cells expressing low levels of the Ras oncoprotein were not impaired in their ability to proliferate in vitro; for this reason, we continued to investigate whether other mechanisms regulating neoangiogenesis might be responsible for their observed behavior in vivo. 32 Thus, we overexpressed murine VEGF-A 164 (a potently angiogenic isoform of this protein) in the low Ras-expressing kidney and mammary epithelial cells and injected them subcutaneously into nude mice. In both cases, these mice formed tumors with equivalent efficiency to the high Rasexpressing cells (Figures 1a and b ). Taken together, these results indicated that the differences in tumorigenicity of the low and high Ras-expressing cells could be ascribed to differing abilities to stimulate neoangiogenesis. However, these differing angiogenic powers were not because of significant differences in VEGF-A secretion. Moreover, these limitations could be overridden by forced high expression of VEGF-A.
The balance of pro-and anti-angiogenic factors regulates angiogenesis These various observations suggested that the observed differences in angiogenicity between low and high Ras-expressing cells might be traced to regulators of neovascularization other than VEGF-A. Accordingly, we turned our attention to the antiangiogenic factor, Tsp-1, and its expression, as it has been demonstrated that oncogenic Ras can inhibit the expression of Tsp-1. [33] [34] [35] [36] [37] An immunoblot analysis of proteins extracted from both the mammary and kidney cells revealed that the levels of Tsp-1 expression were essentially unchanged between the parental immortalized cells not expressing introduced oncogenic Ras and those that expressed low levels of introduced Ras (Figure 2a ). However, the mammary and kidney cells that were forced to express high levels of oncogenic Ras exhibited between six-and eightfold lower levels of Tsp-1 (Figures 2a and b) relative to those expressing low levels of the oncoprotein. These results confirmed that high levels of Ras oncoprotein can indeed suppress Tsp-1 expression and suggested, in turn, that the angiogenesis deficiency of the low Ras-expressing cells was because of high levels of Tsp-1 that they produced.
Responding to these various findings, we hypothesized that an unfavorable ratio of VEGF-A to Tsp-1 might preclude neoangiogenesis in the tumors formed by the low Ras-expressing cells. Such a model predicted, among other things, that we could confer a tumorigenic phenotype on the low Ras-expressing cells simply by reducing the amount of Tsp-1 that they expressed. To test this notion, we introduced a retroviral vector specifying anti-sense THBS1, the Tsp-1 gene, into the low Ras-expressing cells. We found that this anti-sense construct reduced the levels of Tsp-1 protein expression roughly fourfold compared with the levels produced by low Ras-expressing cells ( Figure 2c ). 38 Importantly, these altered cells subsequently formed subcutaneous tumors in Nude mice with a latency and kinetics that were comparable to those of the high Ras-expressing cells, reaching the diameter of~1.5 cm within 7 days of the tumors formed by the aggressively tumorigenic high-Ras cells (i.e., 34 vs 41 days) ( Figure 2d ). As anticipated, the parental low-Ras cells expressing only the drug resistance marker (zeocin) were unable to form tumors during this period ( Figure 2d ). This observation confirmed that the level of Tsp-1 expression strongly influences the tumorigenicity of these tumor cells, and that this tumorigenicity can be achieved either by increasing the expression of the pro-angiogenic protein VEGF-A or by reducing the expression of the anti-angiogenic protein Tsp-1.
To further substantiate the role of Tsp-1 in tumor formation, we transduced the high Ras-expressing kidney cells with a construct specifying Tsp-1. The resulting cells expressed Tsp-1 levels similar to those of the low Ras-expressing cells (Figure 3a ). When these modified cells were injected subcutaneously into nude mice, the Tsp-1-expressing cells formed tumors~60% smaller than the high Ras-expressing cells transduced with a control empty vector ( Figure 3b ). However, histological examination revealed that the centers of the Tsp-1-expressing tumors were completely necrotic (comprising 60-90% of the total tumor volume) with viable cells present in only the periphery of the tumor (Figure 3c , panels I and II). In contrast, tumors formed by the cells expressing high Ras, but not Tsp-1, exhibited only sparse patches of necrosis comprising 5-10% of these tumors (Figure 3c , panel I). When tumor size and viability were taken into account, the viable tumor burden of the mice bearing high Ras-expressing cells was more than eightfold greater than that of the derived tumors formed by cells forced to overexpress Tsp-1. Consistent with an impairment in angiogenesis, the rims of viable cells in tumors formed by Tsp-1-expressing cells were no more than 200 μm in thickness at any given point (Figure 3c , panel II). Moreover, CD31 immunohistochemistry revealed that tumors formed by cells forced to express high levels of Tsp-1 had decreased microvessel density (Figures 3d and f ). In addition, the vessels that were observed in the tumors were smaller and appeared to be non-functional based on vessel diameter ( Figure 3d ).
It has been reported that Tsp-1 can inhibit tumor growth in an angiogenesis-independent manner. Specifically, Tsp-1 has been found to stimulate macrophage recruitment and phagocytic activity. [39] [40] [41] Accordingly, we analyzed the control tumors and those forced to express high levels of Tsp-1 for macrophage infiltration. We observed that, irrespective of Tsp-1 expression, there was little to no inflammation in the tumors as measured by macrophage infiltration as judged using Mac-3 immunohistochemistry (Supplementary Figure S1 ). These findings suggest that in this model system, Tsp-1 inhibits tumor growth predominantly by inhibiting angiogenesis.
The role of Myc in Tsp-1 regulation Ras signaling has been demonstrated to affect the stability of the Myc protein. 42 Furthermore, previous work had suggested a role for Myc in the repression of Tsp-1 expression. 43, 44 Indeed, Myc has been shown to be able to activate and directly repress the expression of a number of genes in addition to the THBS1 gene of interest here. 45, 46 For this reason, we decided to examine the effect of Ras signaling on the levels of Myc protein expression in both the cultured mammary cells and kidney cells, doing so at 0.1% serum in order minimize signals deriving from mitogenic sources other than oncogenic Ras, which was expressed experimentally at either low or high levels. We observed that Myc protein levels were unaffected by the expression levels of the Ras oncoprotein (Figures 2a and b ). This ruled out the possibility that high levels of Ras were inducing the accumulation of Myc protein, thereby mimicking the overexpression of Myc observed in a variety of human tumors. [47] [48] [49] Hence, if the Myc protein were responsible for repression of the transcription of the Tsp-1 gene in the high Ras cells, this action depended on a mechanism distinct from an increase in the steady-state levels of this protein.
Because high levels of Ras were not inducing increased levels of Myc, we reasoned that Ras might be affecting the functional state of the Myc protein as governed by its phosphorylation. Specifically, phosphorylation of Myc at its residues T58 and S62 is known to alter its ability to transactivate gene expression 50,51 as well as its metabolic stability. 42 To pursue this possibility, we examined the phosphorylation state of Myc in these various cell populations. When cells were grown in 0.1% serum, we observed a modest increase of phosphorylated Myc in low Ras cells compared with the levels in immortalized cells not expressing oncogenic Ras (Figures 2a and b ). However, the amount of phosphorylated Myc was dramatically increased in the cells expressing high levels of oncogenic Ras when compared with the level seen in low Ras cells, as determined by immunoblot analysis with an antibody that recognized Myc protein either singly phosphorylated at its residue T58 or doubly phosphorylated at residues T58 and S62 (Figures 2a  and b ). These results demonstrated that the Myc phosphorylation modulated by Ras was positively correlated with the repression of Tsp-1 expression. 
Thrombospondin-1 repression in fibroblasts and epithelial cells
We then sought to determine whether the differences in Myc phosphorylation in the low and high Ras-expressing cells were functionally relevant to the repression of Tsp-1. To do so, we introduced an inducible dominant-negative version of Myc (DNMycER), in which it is fused to a mutant version of the estrogen receptor (ER), into the high Ras-expressing kidney cells. 52, 53 In the absence of the ER ligand, 4-hydroxy-tamoxifen (4-HT), the fusion protein is functionally inactive; following 4-HT addition, however, it is rapidly activated and migrates to the nucleus. This fusion protein therefore made it possible to induce DN Myc activity through the addition of 4-HT to the growth medium.
In high Ras-expressing kidney cells that also expressed DNMycER, treatment with 4-HT caused the level of Tsp-1 protein to increase within 4h, eventually reaching that of the cells expressing no oncogenic Ras by 8 h after 4-HT addition. In contrast, mock-treated and control cells were unchanged in their expression of Tsp-1 protein (Figure 4a ). Together, these results demonstrated that active Myc was indeed responsible for the repression of Tsp-1 expression. As a control, we transduced a construct specifying wild-type Myc fused to the same modified version of the estrogen receptor (MycER) into low Ras-expressing kidney cells 52 (Figure 4c ). Upon treatment with 4-HT, these cells exhibited reduced expression of Tsp-1 protein within 4 h, decreasing to the Tsp-1 levels made by high Ras-expressing kidney cells within 8h after 4-HT addition ( Figure 4b ). Furthermore, mock-treated cells were unchanged in their expression of Tsp-1 ( Figure 4b ). We concluded from these results that Myc activity is required for the repression of Tsp-1 by Ras, and that interference with endogenous Myc activity is sufficient to abolish this repression.
In order to assess the role of Myc phosphorylation in greater detail, we utilized two phosphorylation-defective mutants of Myc containing alanine substitutions at two known sites of phosphorylation-S62A and S71A. In particular, the phosphorylation of S62 has been shown to increase the stability of c-Myc, whereas the phosphorylation of S71 has not been linked to any specific activity or property of the protein. 54 We then transiently transfected the human Ras-expressing kidney cells with constructs expressing each of the phosphorylation-defective mutant Myc proteins; unlike the mammary epithelial cells, these kidney cells could be readily transfected. Strikingly, transient transfection of high Ras-expressing cells with MycS62A resulted in the loss of Tsp-1 repression, that is, the reappearance of significant levels of Tsp-1 ( Figure 4d ). This suggested that the ectopically expressed MycS62A protein was acting in a dominant-negative manner, thereby interfering with the ability of endogenously expressed Myc to repress Tsp-1 expression. Furthermore, by immunoblot analysis with an anti-phosphoMyc antibody, which recognizes Myc that is singly phosphorylated at T58 or doubly phosphorylated at T58 and S62, we determined that phosphorylation at residue 58 was also abolished by expression of the S62A mutant ( Figure 4d ). This could be attributed to either of two previous observations: (i) the preferential degradation of Myc protein singly phosphorylated at T58; or (ii) the process of processive phosphorylation -that is, initial phosphorylation at residue 62 being a prerequisite for subsequent phosphorylation at residue 58. 55 Although no role for phosphorylation at residue S71 has previously been identified, we found that transient expression of a mutant Myc carrying a single amino acid substitution at residue 71 (that is, S71A) also acted in dominant-negative manner to relieve the repression of Tsp-1 (Figures 4d and e ). All the while, transient transfection of low Ras-expressing kidney cells with Myc bearing two substitutions (S62A and S71A) had no effect on the level of Tsp-1 protein (Figures 4d and e ). In addition, expression of MycS71A had no effect on the phosphorylation of Myc at T58 and S62 in the high Ras-expressing cells (Figure 4d ). This result extended observations of others that Myc phosphorylation is processive, by indicating that phosphorylation of Myc at S71 depends on prior phosphorylation of residues T58 and S62. 55 To further control for the effects of alterations of Myc on its function, the effects of the phosphorylation-defective mutants were then assayed on an established target of Myc transcriptional activation-the gene encoding ornithine decarboxylase (ODC)using a ribonuclease protection assay. Transient transfection of the low Ras-expressing kidney cells with wild-type Myc resulted in the upregulation of ODC mRNA as anticipated, whereas S62A and S71A had no effect on its levels (Figure 4f ). At the same time, transient transfection of the high Ras-expressing kidney cells with either S62AMyc or S71AMyc resulted in the downregulation of ODC mRNA (Figure 4f ). These results confirmed that phosphorylation at S62 and S71 is required for Myc to function both as a transactivator of ODC and a repressor of Tsp-1.
Mechanism of repression of Tsp-1 expression by Ras
The above experiments indicated that signaling downstream from Ras was regulating the repression of THBS1, and that this repression was dependent upon the activity of Myc. We therefore decided to further characterize the functional interactions between these two oncoproteins and the THBS1 gene. To begin, we sought to determine which of the effector pathways downstream of Ras was responsible for suppressing Tsp-1 expression. The three major Ras effector pathways enumerated to date involve the Raf-MAPK cascade, the phosphatidyl inositol-3 kinase (PI3K) enzyme and the Ral guanine nucleotide dissociation stimulator (RalGDS) protein. 56 In order to dissect the respective contributions of these three Ras effector pathways to Myc-mediated Tsp-1 repression, we used chemical inhibitors of the Raf and PI3K pathways. Treatment of the high Ras-expressing kidney cells with U0126, a specific inhibitor of MEK1/2 57 that blocks ERK1/2 phosphorylation in the Raf-MAPK pathway, had no effect on the level of Tsp-1 protein (Figure 5a ). In contrast, treatment of the high Ras-expressing cells with the PI3K inhibitor LY294002 58 completely abrogated Tsp-1 repression and restored Tsp-1 protein levels to those seen in cells not expressing oncogenic Ras (Figure 5a ). Consistently, Myc phosphorylation was strongly inhibited in high Ras-expressing cells treated with LY294002, whereas treatment with the U0126 MEK1/2 inhibitor had no effect on Myc phosphorylation (Figure 5a ). These results allowed the tentative conclusion that the PI3K effector pathway plays a major role in the Ras-mediated repression of Tsp-1 and that this pathway acts via Myc phosphorylation to achieve this repression.
These results were confirmed and extended by analyzing Tsp-1 expression in cells ectopically expressing effector loop mutants of Ras that signal primarily through only one of the three major downstream effector pathways. 59 Only the PI3-kinase effector loop mutant (C40), which retains PI3K-activating ability but lacks the other two effector functions, was able to downregulate Tsp-1 expression. In contrast, the Ras mutant that retained the ability to activate the RalGDS (G37) pathway had no effect on Tsp-1 levels, and selective activation of the Raf pathway by the third mutant (S35) actually increased Tsp-1 expression ( Figure 5b ). Taken together, these results indicated that the ability of Ras to downregulate Tsp-1 expression is due largely if not entirely to its ability to upregulate PI3K signaling.
PI3 kinase repression of Tsp-1
We next sought to determine the downstream effectors of PI3K involved in the repression of Tsp-1. In fact, PI3K, acting via its ability to generate PIP3, can affect multiple downstream signaling pathways. The best-studied effect of PI3K involves its actions on the Akt/PKB kinase. 60 Accordingly, we attempted to mimic the actions of PI3K by expressing a constitutively active mutant of Akt that contains a myristoylation sequence at its carboxyl terminus. 61 We found, however, that cells not expressing oncogenic Ras but expressing the constitutively active version of Akt failed to Thrombospondin-1 repression in fibroblasts and epithelial cells downregulate Tsp-1 protein levels (Figure 5c ). An essential role of Akt/PKB in Tsp-1 repression could be further excluded by retroviral transduction of a dominant-negative mutant of Akt 62 into the high Ras-expressing kidney cells ( Figure 5d ). As this mutant had no effect on the expression of Tsp-1, we concluded that Akt signaling was neither necessary nor sufficient for the Ras-mediated repression of Tsp-1.
Having excluded a role for Akt in Tsp-1 repression, we turned our attention to other molecules activated by PIP3, the product of the PI3K enzyme. In fact, several guanine exchange factors for the Rho family of GTPases have been identified that contain the PH domains that are known to bind PIP3. 63 To determine whether Rho proteins were likely to be involved in mediating the PI3K effects on Myc and Tsp-1, we assessed the level of Rho activation by measuring the levels of GTP-bound Rho using a GST-Rhotekin (which only binds the GTP-bound form of Rho) pull-down assay. 64 The pull-down assay indicated that the amount of GTP-bound Rho was significantly higher in high-Ras expressing cells than in low Ras-expressing cells (Figure 5e ). Furthermore, treatment of the high Ras cells with the LY294002 PI3K inhibitor reduced the level of GTP-bound Rho compared with that seen in the cells expressing no introduced Ras oncoprotein (Figure 5e ).
These observations indicated a correlation between the level of Myc phosphorylation, Tsp-1 repression and Rho activation. This suggested, in turn, the possibility that PI3K was acting through Rho proteins to achieve Myc phosphorylation and Tsp-1 repression. To assess the possible role of Rho as an intermediary in this signalling cascade, we introduced a dominant-negative mutant allele of the RhoA gene (RhoAN19) 65 into the high Ras-expressing kidney cells. Ectopic expression of RhoAN19 relieved the repression of Tsp-1 in high Ras-expressing cells, restoring the level to that observed in the low Ras-expressing cells (Figure 5d ). We further explored the possible involvement of Rho by ectopically expressing mutant, constitutively active versions of RhoA and RhoC in the low Ras cells. Indeed, when these cells were infected with a retroviral vector expressing RhoCV14 or transiently transfected with a vector expressing RhoAV14, Tsp-1 expression was suppressed 66 (Figures 5d and f) . Taken together, these observations provided a strong indication that a Rho protein serves as a conduit through which the Ras protein releases signals that lead to Tsp-1 repression.
We next sought to identify the particular downstream effector of Rho involved in the repression of Tsp-1. Two of the major effectors of both RhoA and Rho C are p160ROCKI and ROCKII (Rhoassociated coiled-coil-containing protein kinase). 67, 68 Inhibition of ROCKs with the specific kinase inhibitor, Y27632, 69 is known to inhibit Ras-induced focus formation and transformation. 70 In our hands, treatment of the high Ras-expressing cells with Y27632, which has a specificity for both ROCK I and II that is more than 3 orders of magnitude greater than for other kinases, relieved the repression of Tsp-1 expression, restoring the level to that of low Ras-expressing cells and simultaneously abolishing the phosphorylation of Myc (Figure 5f ). Together, these lines of evidence indicate that Rho signaling is necessary and sufficient for Tsp-1 repression, and that this repression is achieved through the actions of a Rho-associated kinase, either ROCK-I or II.
These experiments did not, on their own, reveal whether ROCK I or II was directly responsible for phosphorylating Myc or, alternatively, whether they acted on Myc via a kinase cascade involving an intermediary kinase or kinases. As such we investigated whether p38MAPK, which has been shown to be downstream of Rho and ROCK, 71 was involved in the signal transduction cascade. Of note, it has been demonstrated that a dominant-negative mutant of p38 is able to block EGF-induced phosphorylation of c-Myc. 72 Accordingly, we treated cells with the ROCK inhibitor Y27632 and observed that phosphorylation of p38 was virtually abolished (Figure 5g ). We then treated cells with a p38MAPK inhibitor, SB203580, 73 and observed that Myc phosphorylation was decreased and Tsp-1 expression levels increased to virtually the same extent as achieved by the ROCK inhibitor Y27632 (Figure 5h ). These results strongly suggest that p38MAPK lies downstream of Rho-Kinase and upstream of c-Myc in the Rasmediated repression of Tsp-1.
We then examined whether human breast cancer cell lines also utilized the PI3K-Rho pathway to repress Tsp-1. Thus, we treated MDA-MB-231, MCF7, SkBr3 and MDA-MB-435 cells with either LY294002 or Y27632 and measured the resulting Tsp-1 levels by immunoblot. We observed that either LY294002 or Y27632 relieved the repression of Tsp-1 in MDA-MB-231, SkBr3 and MDA-MB-435 cells, while having no effect on MCF7 cells (Figure 5i) . Notably, these cell lines activate the PI3K/Rho pathway via distinct mechanisms, either through mutation in K-Ras (MDA-MB-231), overexpression of HER2 (SkBr3) or alteration of the PI3 kinase pathway (MDA-MB-435). [74] [75] [76] At the same time, MCF7 cells, in which the myc locus on chromosome 8 has been amplified and myc expression is driven by ER, may only require minimal signaling from Ras or PI3 kinase to repress Tsp-1, potentially explaining why these cells were insensitive to chemical inhibitors that affect this pathway. 77, 78 These results confirm that this pathway is active in a subset of human breast cancer cell lines, in which it ostensibly plays a role in repressing the expression of the anti-angiogenic protein Tsp-1. Tsp-1 repression in fibroblasts does not require oncogenic Ras activity The results described above trace a novel signal transduction pathway leading from Ras via PI3K to Rho and thereafter to Myc, resulting in Tsp-1 repression in experimentally transformed human epithelial cells and human breast cancer cell lines. Because both human epithelial cells and fibroblasts can be transformed via the introduction of hTERT, SV40 early region and HRasV12, 32, 79 we sought to determine whether the repression of Tsp-1, which we predicted would be required for tumor formation in both cell types, was achieved via the same pathway in epithelial cells and fibroblasts. Accordingly, we measured the expression levels of Tsp-1 protein in human dermal fibroblasts expressing either hTERT alone, hTERT and SV40 early region, or hTERT, SV40 early region and oncogenic Ras. In stark contrast to what we observed previously in various types of transformed epithelial cells, we observed that Tsp-1 levels were dramatically reduced upon the introduction into the dermal fibroblasts of hTERT and the SV40 early region with only modest additional reduction of expression conferred by oncogenic Ras expression ( Figure 6a ). Hence, in these fibroblasts Ras oncoprotein function was not required for repression of Tsp-1 expression.
We also examined whether oncogenic Ras had any effect on the expression of the pro-angiogenic factor VEGF-A in these fibroblasts. We found that SV40 early region had no effect on the secretion of VEGF-A by human fibroblasts but that the level of VEGF-A secretion was stimulated~20-fold following the introduction of oncogenic H-RasV12 into these cells (Figure 6b ). Hence, fibroblasts responded to introduced oncogenes in one way that was very different from the previously examined epithelial cells: the expression of Tsp-1 was reduced in fibroblasts by expression of the early region of SV40, whereas Tsp-1 failed to respond in this manner in epithelial cells. However, consistent with previously published results, 80 the expression of high levels of the Ras oncoprotein strongly induced VEGF-A secretion in both epithelial cells and fibroblasts.
To follow up these contrasting findings in more detail, we sought to determine whether the repression of Tsp-1 expression induced by SV40 early region was because of its expression of the LT antigen or to one of the other two proteins expressed from the SV40 early region, small T (ST) and 17kT. [81] [82] [83] [84] [85] [86] [87] Accordingly, we transduced human dermal and lung fibroblasts expressing hTERT with the cDNA of LT (LT c ), which does not encode ST or 17kT. Western blot analysis revealed that LT c , on its own, was able to markedly repress Tsp-1 expression in both human dermal and lung fibroblasts (Figure 6c ). These findings contrasted with the previous observations that LT expression resulted in no reduction, and perhaps modest stimulation, of Tsp-1 expression in epithelial cells (Figure 6d ). Together, these observations indicated that the regulation of Tsp-1 in fibroblasts is mediated by fundamentally different mechanisms in human fibroblasts and epithelial cells. p53, pRb and E2F1 involvement in Tsp-1 repression Given these results, we sought to determine the mechanism by which LT expression led to the inhibition of Tsp-1 expression. To do so, we transduced human dermal fibroblasts with retroviral constructs specifying mutant forms of LT, in order to determine which region of LT was responsible for the loss of Tsp-1 expression ( Figure 7a ). We observed that the LT mutant LT-K1, which lacks pRb-binding activity but retains p53 binding, had lost the ability to affect Tsp-1 expression in fibroblasts, although it did modestly stimulate Myc expression ( Figure 7b) . Moreover, the LT mutant, LT 350 , which lacks p53-binding activity, also had no effect on Tsp-1 expression ( Figure 7b ). Indeed, only LT mutants that retained both p53-and pRb-binding activity were able to repress Tsp-1 expression ( Figure 5f ). Hence, repression of Tsp-1 in fibroblasts is achieved via the concomitant inactivation of p53 and pRb without the need for supraphysiologic levels of oncogenic Ras.
To confirm these requirements, we performed complementation studies to determine whether p53 inhibition collaborates with pRB inactivation to repress THBS1 expression. We observed that Tsp-1 expression is repressed in fibroblasts that express both shp53 and LT-D402H, a LT mutant that binds and inactivates pRB but not p53, but not in fibroblasts expressing either shp53 or LT-D402H alone 88 (Figure 7c) . Similarly, Tsp-1 is repressed in cells expressing LT 350 , a mutant of LT that is truncated after amino acid residue 350 and thus lacks the p53-binding domain, when expressed in combination with shRNA-mediated silencing of p53 89 (Figure 7c) . These results confirmed that Tsp-1 repression in human fibroblasts requires the inactivation of both the p53 and the pRb pathways, in contrast to epithelial cells, in which LT, while sequestering both p53 and pRb, has no effect on Tsp-1 expression (Figure 6c and d) .
While it has demonstrated that p53 can stimulate Tsp-1 expression in fibroblasts, 90 this is the first report that Tsp-1 repression in fibroblasts requires the inactivation of both p53 and pRb.
We then sought to determine the mechanism by which pRb was involved in the regulation of Tsp-1 expression in fibroblasts.
To that end, we examined the role of the E2F1 transcription factor-a direct target of pRB inhibition. [91] [92] [93] Here we found that silencing of E2F1 expression via shRNA resulted in the stimulation of Tsp-1 expression in dermal fibroblasts (Figure 7d ). Additionally, transient ectopic expression of E2F1 resulted in~2-fold repression of Tsp-1 though not to the same level as induced by SV40 LT (Figure 7e ). However, consistent with the complementation studies depicted in Figure 7c , ectopic expression of E2F1 in combination with shRNA-mediated silencing of p53 resulted in the repression of Tsp-1 comparable to that induced by LT (Figure 7f ). Therefore, repression of Tsp-1 in human fibroblasts requires not only inhibition of p53 activity, but also liberation of the E2F1 transcription factor from the inhibitory effects of pRB. These results demonstrate a novel synergy between p53, pRb and E2F1 in the regulation of angiogenesis.
DISCUSSION
In previous work, we demonstrated the genetic requirements for the experimental transformation of human cells. 32, 79 This work shed no light, however, on the mechanisms whereby these cells acquired an essential attribute of tumorigenicity, specifically angiogenicity. In the course of the present work we have uncovered a novel signaling pathway that leads in epithelial cells from the Ras oncoprotein via Myc to the repression of expression of the potent anti-angiogenic protein, Tsp-1. Critical intermediates between Ras and Myc are, in order, PI3K, a Rho GEF, a Rho, a ROCK and p38MAPK. Strikingly, p38MAPK has been demonstrated to stimulate Tsp-1 in human mesangial cells, a specialized smooth muscle cell of mesenchymal lineage, in response to angiotensin II, 94 further underscoring the differences between epithelial and mesenchymal cells described in this manuscript.
The cooperative actions of myc and ras oncogenes in transforming rodent cells have been known for three decades. 95 We demonstrate here that activation via phosphorylation of Myc via a Ras-mediated signaling pathway is sufficient to confer an angiogenic phenotype by enabling Myc to repress the expression of Tsp-1. Moreover, this observation suggests that the various cellphysiologic contributions of the myc gene to tumorigenesis have not yet been fully enumerated. Although others have demonstrated links between Rho and Myc and between Rho and Tsp-1, [96] [97] [98] [99] we report here for the first time that a signal transduction cascade leading from Ras to PI3K to Rho to ROCK to Myc to Tsp-1 repression.
In a murine model of melanoma that utilizes a doxycyclininducible transgene specifying H-RasV12, Ras signaling is required for the maintenance of the tumor vasculature. 100 Interestingly, in this model, withdrawal of doxycyclin and subsequent loss of Ras expression led to blood vessel regression. This blood vessel regression could not be rescued by the ectopic expression of Thrombospondin-1 repression in fibroblasts and epithelial cells VEGF-A, suggesting that Ras was doing more than merely inducing VEGF-A expression. Such observations could be explained if Ras signaling resulted in the repression of Tsp-1, a protein known to induce apoptosis of endothelial cells, 30, 101 doing so in melanoma cells in a manner similar to what we describe here in breast cancer cells.
The present results suggest that in transformed human epithelial cells, repression of Tsp-1 expression is a critical process in the acquisition of angiogenicity and thus tumorigenicity. One signaling strategy for achieving Tsp-1 repression is via a PI3Kmediated activation of Myc, followed by repression of the THBS1 gene by Myc. Once sufficient levels of PI3K activity are achieved, they act, as demonstrated here, via a signal transduction cascade that leads via Rho and ROCK to the activation of Myc.
Although previous work has shown that supraphysiologic levels of oncogenic Ras are capable of downregulating Tsp-1 expression, 35 and that loss of PTEN can lead to a decrease in Tsp-1 expression, 102 the signaling pathway(s) that regulate this repression have remained unclear. The present results indicate that oncogenic Ras, expressed at near-physiologic levels in epithelial cells, is not sufficient to repress Tsp-1. These observations indicate that in spontaneously arising human tumors of epithelial origin carrying RAS oncogenes, the tumor cells must devise additional means to down-modulate Tsp-1 expression if they are to succeed in becoming angiogenic. One mechanism would seem to involve the acquisition of increased levels of Ras signaling via amplification of the RAS oncogenes-a change that has indeed been documented in a subset of human carcinomas. [103] [104] [105] [106] Another mechanism might involve the deregulation of PI3K signaling, which has been documented in a large number of human cancers. [107] [108] [109] [110] [111] [112] [113] Alternatively, increased expression of Myc could also be capable of achieving this result. For example, increased Myc activity can be achieved by gene amplification or overexpression, as is seen in many human tumors, 47, 114, 115 thereby potentially bypassing the requirement of PI3 kinase hyperactivation altogether. This hypothesis is supported by our observation that introduction of the inducible MycER fusion protein in low Rasexpressing cells is sufficient to repress Tsp-1 expression, presumably by increasing the amount of available substrate for the Rhodependent signaling pathway operating downstream of Ras.
As demonstrated here, the Rho signaling pathway that is activated by PI3 kinase is required for the repression of Tsp-1 in epithelial cells. In fact, such activation of Rho may contribute in other ways to tumor progression. For instance, it has been demonstrated that overexpression of RhoC increases both the metastatic potential and motility of human B16F0 melanoma cells and A375P amelanotic cells. 116 Hence, the ability of RhoC to increase the metastatic potential of tumor cells could be accomplished not only via its ability to increase the motility and migration of the cells at the primary tumor but also to increase their angiogenicity at their metastatic destination via downregulation of Tsp-1.
The regulation of angiogenesis is an essential, rate-limiting process in tumor formation. Much work has gone into the elucidation of the signaling pathways that regulate the expression of VEGF-A, one of the most potent angiogenic factors. However, to date, relatively little has been learned about the mechanisms governing the expression of Tsp-1, which antagonizes the proangiogenic effects of VEGF-A. The results presented here support the hypothesis that neo-angiogenesis and thus tumor progression is governed by the relative levels of conflicting pro-and antiangiogenic factors, specifically VEGF-A and Tsp-1. 13 Strikingly, changes in the balance between these factors can be achieved very differently in different cell types. Thus, in human fibroblasts, the repression of Tsp-1 appears to be regulated by a process that does not rely on supraphysiologic levels of Ras, but rather can be achieved by inactivating the tumor suppressors p53 and pRb. In contrast, fibroblasts still require oncogenic Ras activity to stimulate the secretion of VEGF-A and therefore achieve a balance of proand anti-angiogenic factors that favors angiogenesis. The distinct modes of regulation of Tsp-1 in fibroblasts and epithelial cells warrant additional investigation and may ultimately provide useful insights into the processes leading to the pathogenesis of sarcomas versus carcinomas (Figures 7g and h) .
Significantly, we demonstrate that the regulation of angiogenesis and hence tumorigenicity may be as dependent or even more dependent on the ability to repress Tsp-1 expression than the stimulation of VEGF-A expression. Such findings raise the hope that chemical inhibitors that disrupt the pathway(s) leading to Tsp-1 repression may prove to be effective in diminishing the angiogenicity of certain human tumors and, in turn, slow or even halt their further progression.
MATERIALS AND METHODS
Cell lines and constructs
The retroviral constructs expressing mVEGF were created by digesting the vector pmVEGF164 (a gift from Bruce Spiegelman, Dana Farber Cancer Institute, Boston, MA, USA) with BamH1 and EcoR1, and ligating it to similarly digested pBabeZeo or pWZLBlast to create pBabeZeo-VEGF and pWZLBlast-VEGF. The retroviral vector pWZLBlast-Tsp1 was created by digesting the vector pCDNATsp-1 (a gift from Michael Detmar, Harvard Medical School) with EcoRI and SalI, and ligating the tsp-1 DNA to similarly digested pWZLBlast. The retroviral vector pWZLBlast-DNmycER was created by digesting pBabePuro-DNMycER (a generous gift from Gerard Evan, UCSF) with EcoRI, and ligating the DNA to pWZLBlast and orientation confirmed by restriction digest with BamHI. The retroviral vector pBabeZeo-AT was created by digesting pWZLBlast-Tsp1 with EcoRI and SalI, blunting the ends using the Klenow fragment of DNA polymerase (Roche, Indianapolis, IN, USA), and ligating it into pBabeZeo digested with SnaB1, the anti-sense orientation was confirmed by restriction digest. The constructs pMIG-DNRhoA and pMIG-RhoCV14 were gifts from Richard O. Hynes (MIT Center for Cancer Research, Cambridge, MA, USA). The construct pEXV-RhoAV14 was a gift from Alan Hall (MRC, London). The V12H-Ras mutants (a gift of Dr Julian Downward, London Research Institute, London, UK) were subcloned from pSG5 into the EcoRI site of the pWZL-Blast retroviral vector and directionality was confirmed by immunoblot analysis using a Ras-specific antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The generation of the human embryonic kidney cells HA1E, HA1EhR, HA1EpR and the human mammary epithelial cells HMLE, HMLEhR, HMLEpR were described previously. 32, 79 HA1EhRV and HA1EpRV were generated by retroviral transduction of the parental cells with pBabeZeo-VEGF, whereas HMLEhRV and HMLEpRV were transduced with pWZLBlast-VEGF. HA1Eh-RAT was generated by transducing HA1EhR with pBabeZeo-AT. HA1ER-asC40, G37 and S35 cell lines were created by transducing the parental HA1E cells with pWZL-RasC40, pWZL-Ras G37 and pWZL-RasS35. HA1EpR-RhoAN19 and HA1EhR-RhoCV14 were created by transducing the parental cell lines with pMIG-RhoAN19 and pMIG-RhoCV12. Retroviruses were produced as previously described. 32 Both HME and HRE cell lines were cultured in a 1:1 mixture of F-12 Nutrient Mixture and Dulbecco's Modified Eagle Medium (DMEM) (GIBCO, Carlsbad, CA, USA) and supplemented with 5% fetal bovine serum (GIBCO) 1 μg/ml hydrocortisone, 10 ng/ml EGF and 10 μg/ml insulin (Sigma Chemicals). Dermal fibroblasts were cultured in DMEM supplemented with 10% FBS. Lung fibroblasts were cultured in Minimum Essential Medium (GIBCO) supplemented with 10% FBS.
The retroviral constructs pBabeZeo LT c and pBabePuro LTK1 and pBabeHygrohTERT and the lentiviral shRNA vector pLK0.1, the retroviral SV40 large T antigen mutant constructs, pBabePuro LT-Δ69-83, pBabeNeo LT 350 , pBabeNeo LT-D402H, and pBabeNeo LT-H42Q were a generous gift from Dr James DeCaprio, Dana Farber Cancer Institute. The two lenitviral shRNA vectors pLK0.1 E2F1a and E2F1b were purchased from Sigma-Aldrich (St Louis, MO, USA) and contained the following sequences: shE2F1a: CCGGCAGGATGGATATGAGATGGGACT CG-AGTCCCATCTCATATCCATCCTGTTTTTG and shE2F1b: CCGGCGCTAT GAGACCTCACT-GAAT TCGAGATTCAGTGAGGTCTCATAGCGTTTTTG. The pCMV and pCMV-E2F1 vectors were a generous gift from Jacqueline Lees, MIT Center for Cancer Research. The pCMV-p53 plasmid was a generous gift from Meredith Irwin, Hospital for Sick Kids, Toronto, ON, Canada.
Human renal and lung (bronchial) epithelial cells (Lonza, Walkersville, MD, USA) were immortalized via transduction of the retroviral vector pBabeHygro hTERT. Human lung fibroblasts (WI38 and MRC5) were obtained from ATCC and were immortalized via retroviral transduction with pBabeHygro hTERT to yield hFhT and MRC5-hT. HME, HRE, hFhT and MRC5-hT cell lines expressing the SV40 large T antigen and LT mutants were generated by retroviral transduction with the pBabe vectors described above.
Human dermal fibroblasts expressing pCMV and pCMV-E2F1 were produced through transient transfections as previously described. 117 Human fibroblasts and epithelial cells expressing the lentriviral shRNA constructs described above were generated via lentiviral transduction as previously described. 118, 119 Tumor formation assays Tumorigenicity of the cell lines created above was assessed by injecting 2 × 10 6 cells subcutaneously, either with or without Matrigel (Becton Dickinson, Palo Alto, CA, USA) into nude mice that had been irradiated with 4 grays 24 h prior to injection. The tumor diameter was measured using calipers and the diameter converted to volume using the formula 4/3πr 3 .
ELISA assays
The kidney cells were grown in MEMα +10%IFS in either 0.1% oxygen or 20% oxygen for 48 h. The mammary cells were grown in a 1:1 ratio of DMEM and F12 media with 5% fetal calf serum and 10 μg/ml insulin, 10 ng/ml hEGF and 1 μg/ml hydrocortisone (Sigma Chemicals). The conditioned media was filtered through 0.45 μm syringe filters and the levels of VEGF were measured using an ELISA kit from R&D (Minneapolis, MN, USA). VEGF levels were normalized against total protein from the cells used in the assay.
Western blotting
For western blot analysis, the human embryonic kidney-derived cells were grown in MEMα containing 10%IFS and then switched to MEMα containing 0.1% IFS for 24 h. The mammary epithelial derived cells were grown in a 1:1 mixture of DMEM and F12+5% fetal calf serum with 10 μg/ml insulin, 10 ng/ml hEGF and 1 μg/ml hydrocortisone (Sigma Chemicals) and then switched to DMEM containing 2.5% of the standard growth media for 24 h. For experiments involving kidney cells, cells expressing DNMycER were switched to MEMα containing 0.1% IFS for 6 h followed by addition of 100 nM 4-OH tamoxifen for 18 h (Sigma Chemicals). For experiments utilizing the chemical inhibitors (Calbiochem, San Diego, CA, USA) cells were grown in MEMα containing 0.1% IFS for 14 h followed by addition of 10 μM LY294002, 5 μM UO126 or 10 μM Y27632 for 10 h.
Cells were lysed in 50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP40, 1 mM sodium orthovanadate, 5 mM NaF, 20 mM β-glycerophosphate and Complete protease inhibitor (Roche). Fifty micrograms of protein, as determined by the BioRad protein assay (BioRad, Hercules, CA, USA) was loaded per well onto a 4-12% pre-cast polyacrylamide gradient gel (Invitrogen, Carlsbad, CA, USA). The extracts were electrophoresed and transferred to an Immobilon-P membrane (Millipore, Bedford, MA, USA). The membranes were blocked in 5% non-fat milk and incubated in primary antibody to Ras (c-20, Santa Cruz Biotechnology), Tsp-1 (Ab11, Lab Vision, Thrombospondin-1 repression in fibroblasts and epithelial cells Fremont, CA, USA), β-actin (Abcam, Cambridge, UK), c-myc (hybridoma 9E10), phospho-c-myc, phospho-Akt, phospho-p44/42 ERK, (Cell Signal Transduction, Beverly, MA, USA). The membranes were then washed in PBS +0.1%Tween-20 and incubated with either HRP-conjugated goat antimouse or goat anti-rabbit secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA) followed by another wash. The membranes were then developed with Supersignal Dura extended (Pierce Chemicals, Rockford, IL, USA) and exposed to film.
Transient transfections
Kidney-derived cells expressing either low or high levels of oncogenic H-RasV12 were transiently transfected with 5 μg pCMV2-Flag or pCMV2-FLAG expressing wtMyc, S62AMyc, S71AMyc (gifts from Yoshiyuki Kuchino, National Cancer Center Research Institute, Tokyo, Japan), pBabepuroMycER (a gift from Gerard Evan, UCSF) or pEXVRhoAV14 using FuGENE 6 transfection reagent. The media was changed 12 h post-transfection, and 12 h later the cells were switched to media containing 0.1%IFS. Cells transfected with pBabepuroMycER were grown in 0.1% serum for 6h followed by addition of 4-HT for 18 h. Cells were harvested and lysed after an additional 24 h and analyzed by western blot as described above.
Ribonuclease protection assays
Human embryonic kidney-derived cells, described above, were transfected with 5 μg of pCMV2-Flag or pCMV2-Flag expressing wtMyc, S62AMyc or S71AMyc. Following serum deprivation, RNA was prepared from transfected cells using the Trizol protocol (Invitrogen). The probe specific for Cyclophilin was prepared via T7 in vitro transcription from linearized pTRIPLEscript-cyclophylin (Ambion, Austin, TX, USA) incorporating [α-32 P] UTP (NEN, Boston, MA, USA) using MaxiScript T7 kit (Ambion). The probe specific for ODC was prepared via T7 in vitro transcription from linearized pDP18-ODC incorporating [α-32 P] UTP using MaxiScript T7 kit (Ambion). Ribonuclease protection assays were then performed using the ribonuclease protection assay III kit (Ambion). The protected fragments were run on a Criterion 5% TBE-Urea gel (BioRad), dried on 3 mm filter paper and visualized by autoradiography.
Immunohistochemistry
Samples were fixed in 10% paraformaldyhide and subsequently paraffinembedded for sectioning. Four micrometer sections were deparaffinized with xylene and rehydrated in decreasing concentrations of ethanol to water. Tyramide Signal Amplification kit (PerkinElmer, Boston, MA, USA) was used to enhance sensitivity of the staining and used according to the manufacturer's instructions. Briefly, antigen retrieval was performed using proteinase K (Roche Diagnostics, Indianapolis, IN, USA) at the final concentration of 20 μg/ml in 0.2 M Tris PH 7.2 at 37 o C for 25 min. Slides where then incubated for 30 min with blocking buffer Tris-NaCl with 0.5% (w/v) blocking reagent (TNB) provided in the Tyramide Signal Amplification kit.
Slides were incubated overnight at 4°C with primary antibodies rat antimouse CD-31 (clone: MEC 13.3, BD Biosciences Pharmingen, San Jose, CA, USA) 1:250 or rat anti-mouse MAC3 (clone: M3/84, BD Biosciences) 1:100 in TNB buffer. The next day slides were washed, re-blocked and incubated with Biotinylated Rabbit Anti-Rat IgG secondary Antibody (VECTOR laboratories, Burlingame, CA, USA) 1:200 in TNB at room temperature for 30 min. Sections were then incubated twice with streptavidin-HRP (provided in the Tyramide Signal Amplification kit) 1:100 in TNB for 30 min at room temperature before using peroxidase substrate kit Vector Novared (VECTOR laboratories) for 10-15 min. Sections were counterstained with hematoxylin (Sigma-Aldrich).
Image analysis
To quantify the vessel diameter, histological sections were examined with an inverted microscope (Zeiss, Oberkochen, Germany). Photos were taken, and using the image-processing program ImagJ, the outlines of CD31positive vessels in five fields of view of a section were encircled manually at × 200 magnification. Graphs shown represent the average vessel density and vessel area from five independent fields of view.
